In the late 1970s/early 1980s, Baddeley and colleagues conducted a series of experiments investigating the role of eye movements in visual working memory. Although only described briefly in a book (Baddeley, 1986) , these studies have influenced a remarkable number of empirical and theoretical developments in fields ranging from experimental psychology to human neuropsychology to nonhuman primate electrophysiology. This paper presents, in full detail, three critical studies from this series, together with a recently performed study that includes a level of eye movement measurement and control that was not available for the older studies. Together, the results demonstrate several facts about the sensitivity of visuospatial working memory to eye movements. First, it is eye movement control, not movement per se, that produces the disruptive effects. Second, these effects are limited to working memory for locations, and do not generalize to visual working memory for shapes. Third, they can be isolated to the storage/maintenance components of working memory (e.g., to the delay period of the delayed-recognition task). These facts have important implications for models of visual working memory.
In the past three decades, a considerable amount of effort in cognitive psychology, neuropsychology, and cognitive neuroscience has been devoted to elucidating the theoretical and mechanistic underpinnings of working memory. One fruitful development has been the functional partitioning of working memory for visually perceived stimuli into object (i.e., the appearance of objects and visual arrays) and spatial/sequential components (Della Sala, Gray, Baddeley, Allamano, & Wilson, 1999; Logie, 1995; Smith et al., 1995; Tresch, Sinnamon, & Seamon, 1993) , a development that has evolved from the observation by Goldman-Rakic (1987; 1990) that the functional organization of visual working memory may mirror the what/where organization of the visual system (Ungerleider & Mishkin, 1982) . Several years prior to these developments, however, a series of studies was carried out by Baddeley and colleagues to explore possible functional links between visuospatial working memory (not yet explicitly partitioned into visual and spatial) and the motor system. Early among these were demonstrations that concurrent tracking -of a pursuit rotor involuntary eye movements should not disrupt performance on imagery tasks. Concurrent voluntary controlled eye movements should, however, produce disruption. c. Eye movements or their control processes may only be involved in parts of the imagery process. For instance if, as Kosslyn and Shwartz (1981) had suggested, images are "scanned" in a similar way to a real visual scene, then it is possible that eye movements are not involved in the formation of images, but only in subsequent processing of imaginal information. Alternatively, eye movements may only be involved in the formation of an image. Neisser's (1976) view of imagery, that images are the products of anticipatory phases in perception and are representations of potentially perceivable objects in the real world, would seem to imply this.
The experiments presented here were designed to test the role of eye movements in imagery, and to differentiate between some of the possibilities outlined above. The methods adopted for them followed from previous studies that had demonstrated that tasks involving imagery can be selectively disrupted by concurrent tasks that involve spatial information processing (Baddeley, Grant, Wight, & Thomson, 1973; Baddeley et al., 1980; Brooks, 1967 Brooks, , 1968 . The approach was to investigate the role of eye movements in visual working memory by disrupting or controlling eye movements during a task involving imagery, and determining whether this influenced performance on that task, without affecting performance on a similar task that involved little or no imagery. One attempt that preceded the present experiments is discussed in some detail in Baddeley's 1986 book (pp. 116-118) . In it, Nancy Vye in the laboratory of John Bransford (then at Vanderbilt University) attempted to disrupt imagery selectively by inducing optokinetic nystagmus. The method that they used -requiring participants to watch a moving pattern on a screen -however, only produced nystagmic eye movements in 40 out of 60 participants, and the results were inconclusive (Vye, 1979) .
The first experiment in this report was designed to test whether performance on a task involving imagery could be selectively disrupted by concurrent involuntary eye movements in the absence of any visuospatial sensory input. The involuntary eye movements were a postrotational nystagmus, which is thought to be mediated by a vestibulo-ocular reflex. The nystagmus was induced by spinning participants in an electrically powered revolving chair. If eye movements themselves are involved in imagery then this would be expected to disrupt selectively performance on a memory task involving imagery, whilst having little or no effect on tasks employing mainly verbal encoding.
The second experiment tested the possibility that the control of voluntary eye movements and imagery share common processing capacity by instructing participants to watch a moving spot on a monitor. If eye movement control and imagery share common processing capacity, this would be expected to selectively disrupt performance on a task involving imagery, again having little or no effect on a similar task involving verbal coding. This experiment also tested the possibility that processing of visuospatial information caused by changes in the visual field could selectively disrupt performance on an imagery task, and also tested whether preventing free eye movements (by fixation of a stationary object) could do so.
The third experiment was designed both to replicate and extend the findings of the second experiment. It looked at the possibility of presentation-recall differences in the selective disruption effect found, and used a similar method, with participants again watching a moving spot on a monitor.
The fourth experiment employed a procedure -delayed recognition -and a design -two types of memory material and three levels of distraction -that differed from those used in Experiments 1-3, and so could address several questions that the first three experiments had left unresolved. One of these was clarifying whether maintenance-related processes, independent of encoding and response, are sensitive to disruption by eye movements. A second was that, by employing a level of eye-movement measurement that was not available for Experiments 1-3, Experiment 4 could rule out the possibility that the selective sensitivity of spatial working memory performance to concurrent saccades is confounded by differential distracting saccadic activity during nonspatial vs. spatial trials. A third was to confirm that the sensitivity of spatial working memory performance to concurrent saccades is indeed a selective effect, by including a second type of distraction (word naming) that was expected to disrupt selectively working memory for the second type of memoranda (shapes). Finally, a question that only became fully appreciable several years after Experiments 1-3 had been performed, was whether eye movements have differential effects on the two major classes of visuospatial working memory: memory for objects; and memory for locations and pathways between those locations. Some of these questions have been addressed, individually, in studies published after 1986, but never have they all been accounted for in a single repeated measures design.
Experiment 1
If eye movements themselves play an important intermediate role in visuospatial imagery, then inducing post-rotational nystagmus should disrupt performance on a task involving visuospatial imagery, whilst having little or no effect on a task that involves mainly verbal coding. In this experiment participants performed the short-term memory tasks that had been shown by Brooks (1967) and Baddeley and Lieberman (1980) to emphasize either spatial or verbal coding. Both tasks were performed by participants either with or without postrotational nystagmus.
Method
Participants-Eight Cambridge University undergraduate and graduate students served as participants.
Apparatus-The participant was seated in a chair which could be rotated at about 12 revolutions per minute by means of an electric motor. AC electro-oculography (accuracy 3°± 1.5°) was employed to provide a quantitative measure of any nystagmus induced. Silversilver chloride electrodes were attached at the external canthi of the two eyes. The signal was analyzed by a PDP 11/60 computer and also displayed on an oscilloscope. A tape recorder was used to present the memory material.
Material-This comprised the two types of memory material used by Brooks (1967) and Baddeley and Lieberman (1980, Experiments 1 and 2) . The first type of sequence, the "spatial" material, was visualized, and the second type, the "nonsense" material, was formally equivalent but not easily visualized. For the spatial material, the participant was told to imagine a 4x4 matrix, and was taught that one particular square (the second square on the second row) would always constitute the starting square. Each message described the location of the digits 1 to 8 within the matrix, and the digit 1 always appeared in the starting square, with successive digits appearing in adjacent squares. The message was always presented in the sequence 1 to 8, and so it was always possible to remember the message in terms of a path through the matrix. The message described the position of each digit as being located either above, below, to the right or to the left of the previous digit's location (e.g., In the starting square put a 1…In the next square to the right put a 2…In the next square down put a 3… etc.). The nonsense messages were formally equivalent except that the words "up" and "down" were replaced with "good" and "bad", and the words "left" and "right" by "slow" and "quick" (e.g., In the starting square put a 1…In the next square to the good put a 2…In the next square to the bad put a 3… etc.). Each sentence in a message lasted approximately 1.5 sec.
Baddeley and Brooks both found that the spatial messages were easier than the nonsense ones, but found that reducing the length of the nonsense messages from eight to six items made the probability of correct reproduction approximately equal for the two sets. Baddeley and Lieberman (1980) had also shown that this reduction in number of items was not responsible for any differential impairment of performance on the spatial task when the tasks were carried out with another concurrent task. For these reasons, eight-digit sequences were used for the spatial material, and six-digit sequences for the nonsense material.
Design-All participants were tested on four conditions comprising the two types of material, tested with or without spinning to induce post-rotational nystagmus. Participants received eight messages in each of the four conditions. Eight students served as participants; one dropped out part way through testing (he was feeling nauseated) and was replaced. Testing was carried out over two days to eliminate any carry-over effects of the spinning due to nausea. Half of the participants began with the "spin" condition, and half with the "nospin" condition. Spatial and nonsense messages were alternated with half of the participants receiving a spatial message first, the rest receiving a nonsense message first.
The messages were grouped into two blocks of eight and each participant received the equivalent nonsense and spatial messages on different days. The design was balanced for material, order of conditions and for spatial or nonsense message first.
Procedure-Participants were given six practice trials on each type of memory task unless they reached a criterion of two successive perfect runs in less than six trials. The importance of using the correct strategy was emphasized.
"Spin" condition.: The participant was seated in the motor driven chair. The EOG apparatus was calibrated by asking participants to move their eyes between two points separated by a known angle. Participants were then rotated for 45 sec. During this time they were asked to perform a simple arithmetic task (i.e., repeated subtraction of a small number from a large one) in order to control their activity during the interval between successive messages. After the 45 sec of rotation the motor of the chair was stopped and the participant was tested on either a nonsense or a spatial message. The EOG was sampled for 15 sec to determine the magnitude of nystagmus induced during the presentation and recall of the memory task. Immediately after the participant had finished the recall the chair was restarted and the procedure was repeated with alternating spatial and nonsense tasks. After 8 trials participants were allowed a 2 min break. Participants were instructed to keep their eyes closed throughout the experiment apart from the break halfway through.
"No spin" condition.:
The procedure was identical except that participants were stationary during the 45 sec of mental arithmetic and no EOG readings were taken.
Results and Discussion
Performance on the memory tasks was scored in terms of the number of sequences in which reproduction was perfect. (Maximum score = 8 in each condition). The nystagmus occurring on each trial in the "spin" condition was rated as being "good" (>10°); "acceptable" (10°-5°); or "poor" (<5°). Across all participants there were 28 trials when nystagmus was "good", 72 trials when it was "acceptable", and 28 trials when it was "poor". One participant failed to produce any nystagmus of greater than 5° on any trial, accounting for 16 of the "poor" nystagmus trials.
The results indicated that spatial task performance was slightly numerically higher in the Spin than the No-spin condition, whereas the opposite trend was seen with the nonsense task (Table 1) . Two way analyses of variance on both the complete and modified data revealed no significant differences across conditions, and no interaction between type of memory material and spin condition (F < 1 in all cases for the complete data and F < 1 in all cases for the modified data).
The results thus showed that the induction of post-rotational nystagmus does not significantly impair performance on the memory tasks. There was no trace of the interaction that would occur if the induction of involuntary eye movements interfered selectively with imagery. If anything, performance was more impaired on the nonsense task than on the imagery task by the "spin" condition. The results would therefore seem to imply that eye movements per se do not play any important intermediate role in imagery.
Experiment 2
The results of Experiment 1 did not support the idea that involuntary eye movements can disrupt imagery. However it was possible that although eye movements themselves do not play an intermediate role in visuospatial imagery, processes involved in the voluntary control of eye movements and imagery processes may share common capacity. In this case it would be expected that having to make eye movements under voluntary control would selectively interfere with visuospatial imagery, but that involuntary induced eye movements would not. It is however inevitable that when the eyes move and are open, a change in the input of visuospatial information occurs, and processing of this information, rather than the voluntary control of the movements of the eyes may share capacity with processing of imaginal information. In addition it is possible that having to hold the eyes stationary or fixating may disrupt imagery.
In the second experiment, therefore, a four-way experimental design was used, with the eyes and/or the visual field moving. Participants were required to watch an object on a monitor. The object was either moving or stationary, corresponding to a changing or fixed visual input. There was also a control condition in which participants were allowed free eye movements. If imagery involves some processing capacity which is also involved in the control of voluntary eye movements then there should be an interaction between type of memory task and eye movement condition, with performance on the spatial material being selectively disrupted in conditions when the eyes move. On the other hand, if it is the monitoring of changes in the visual field and subsequent processing of visuospatial information that shares common capacity with processing of spatial imaginal information, then the interaction expected would be that performance on the spatial tasks would be selectively disrupted when there was movement in the visual field, with or without any eye movements. If eye movements themselves are necessary for imagery then it would be expected that a condition where no eye movement is permitted would produce selective disruption for the spatial tasks, when compared with a free eye movement condition.
Method
Participants-Twenty four Cambridge University undergraduate and graduate students served as participants.
Apparatus-Participants were seated about 1 m. in front of a 65 cm monitor upon which a moving display was generated by an Apple II microprocessor. The display contained a small bell shape (1 cm diameter) on a background of dots. The bell could be either stationary in the centre of the screen or moving sinusoidally across the screen, with a period of about two seconds, and from top to bottom. The side to side movement subtended approximately 12°o f visual angle. It took approximately 12 sec to move from the top to the bottom of the screen. When it reached the bottom of the screen, it reappeared immediately at the top. The background could either be stationary or moving from left to right with sinusoidal velocity similar to that of the bell. The background and the bell were in phase. The bell shape could be changed by the experimenter to a readily discriminable square. The participant held a button with which to respond when this occurred. The reaction time (RT) to respond to the shape change was measured by the Apple II using interrupts (Idzikowski, 1982) . The room was darkened apart from a low level of ambient lighting to enable the experimenters to record results and manipulate apparatus. The monitor and participant were surrounded by a cloth shield to restrict the visual field and to minimize any distracting external stimuli. EOG was again employed to enable the experimenters to check whether a participant's eyes were moving. As in the first experiment, a tape recorder was used to present the memory material.
Material-The material used was the same as that used in the first experiment. Again, spatial and nonsense messages were alternated, and in a given condition participants received the equivalent spatial and nonsense messages randomly rearranged.
Design-Four experimental conditions plus a control condition were used. Each participant received eight nonsense and eight spatial messages in each condition. The control condition was split into two halves; half occurring before the other conditions, and the other half afterwards. In this condition both the bell and the background were stationary, but participants were not required to fixate on the bell, and were allowed to move their eyes as they wished. The four experimental conditions were as follows:
#1 Both bell and background stationary. The order of the conditions was determined by a Latin square.
The material was grouped into lists of eight spatial messages and their equivalent nonsense messages. The four lists used in the experimental conditions were balanced across conditions in a Latin square design in view of the possibility that some of the messages may be easier to remember or visualize than others.
Reaction times were tested on half of the trials, i.e. on eight RTs per condition. Of these eight, two were tested during presentation of spatial messages (Spatial input RT), two during presentation of nonsense messages (Verbal input RT), two during recall of spatial messages (Spatial output RT) and two during recall of nonsense messages (Verbal output RT).
The eight reaction times occurred in random positions during a given condition, and in different orders across conditions. The order remained constant within a condition across participants. No reaction times were tested during the control conditions. Procedure-Participants were seated in front of the monitor. The two types of memory task were explained to them and the importance of using the correct strategy was emphasized. participants were given six practice trials on each type of memory task unless they reached a criterion of two successive perfect runs in less than six trials. EOG electrodes were attached, and the oscilloscope reading checked to see if the experimenter could tell whether the participant's eyes were moving.
Participants were given two practice trials on the RT task. They were told that during the experimental conditions they should watch the bell at all times and were told that the purpose of the RT test and the EOG was to ensure that they were doing so.
The cloth shield was placed around the participant and the monitor, the lights dimmed, and a #1 display put on the screen (stationary bell and stationary background). The participant was told that in this control condition there would be no RT trials, and that s/he need not look at the bell, and could "do what you like with your eyes."
After these initial control trials were completed, participants were told that from now on they should watch the bell at all times. Before each of the four experimental conditions they were given two practice trials on each type of message. They were then given the sixteen messages comprising the memory material for that condition.
Between each experimental condition or control condition there was a brief break while the display on the monitor changed.
After the four experimental conditions, participants completed the eight trials comprising the final control trials.
Results
Performance on the memory tasks was scored in terms of the number of sequences in which reproduction was perfect. For spatial material, accuracy was highest in the free eye movement condition, only slightly lower for the two eyes fixed conditions (i.e., #1 and #2), and markedly lower for the two eyes moving conditions (i.e., #1 and #2). A qualitatively similar pattern was seen with nonsense material, but with a much smaller difference between the eyes fixed and eyes moving conditions. A multifactor analysis of variance, with factors eye movement, background movement, type of memory task, and presence of a reaction time, was used to analyze the data. The analysis showed a highly significant main effect of eye movement (F 1,23 = 24.49, p < 0.001) with performance dropping from 69.3% to 56.5% when the eyes moved. This effect was modified by a significant interaction with type of memory material. (F 1,23 = 9.68, p < 0.01). The Newman-Keuls test indicated that the interaction was due to a decrease in performance on the spatial task from 70.6% to 51.6% when the eyes moved (q 2 = 1.988, df = 46, p < 0.05).
The analysis of variance also showed that there was no significant difference in the overall level of performance on the spatial and nonsense tasks (F < 1). There was also no significant effect of background movement (F < 1), nor did this interact with eye movement (F < 1). The presence of a reaction time trial had a marginally significant effect on performance on the memory tasks (F 1,23 = 3.90, 0.1 > p > 0.05) but this did not interact with type of memory material. There was also a significant three way interaction between the presence of a reaction time, background movement and type of memory material (F 1,23 = 6.15, p < 0.05) although the implication of this interaction is unclear.
Another 2 x 2 analysis of variance between the free eye movement condition and condition #1 (bell and background stationary) revealed no significant main effects or interactions (F< 1 in all cases).
An analysis of variance for the reaction time data showed a highly significant main effect of eye movement (F 1,23 = 83.96, p < 0.001) with mean reaction time increasing from 611 ms to 881 ms when the eyes moved. There was also a significant effect of background movement (F 1,23 = 6.28, p < 0.05) with mean reaction time increasing from 717 ms to 775 ms when the background moved. The interaction between eye and background movement also reached significance (F 1,23 = 4.82, p < 0.05).
There was however no effect of type of memory task on reaction times (F 1,23 = < 1) with mean reaction times of 749 ms and 743 ms for tests during spatial and nonsense tasks respectively. In addition there was no difference in reaction times tested during presentation or recall of the memory material (F 1,23 = 2.12, p > 0.1) with mean reaction times of 732 ms and 760 ms for presentation and recall respectively.
No other main effects or interactions in either the memory data or the reaction time data approached significance.
Overall the results show that making voluntary eye movements gives a significant impairment of performance on the memory task involving imagery, but no such effect occurs for a task that involves mainly verbal coding. No such differential impairment was found when movements, comparable to the movements of the retinal image during the eye movement, occurred in the visual field. In addition, having to hold the eyes stationary had no effect on performance when compared with a free eye movement condition. Having to perform a reaction time task failed to have a significant effect on the performance of the memory tasks, and reaction times themselves did not depend on which type of memory task was being undertaken concurrently.
Discussion
The results of the first two experiments combine to rule out any direct intermediate role of eye movements per se in imagery, because selective impairment of performance on the spatial tasks did not occur when involuntary eye movements are induced, nor when the eyes were held stationary, but did occur when voluntary eye movements had to be made. The reaction time data in the second experiment suggested that participants were controlling their eye movements equally well during the spatial and nonsense tasks. However, for the imagery material, they appeared to be controlling their eye movements at the expense of performance on the memory task. The increase in RTs when the eyes or background moved may have been due, at least in part, to the increased difficulty of the shape change discrimination when the bell or background on the screen moved. Because no disruption of performance occurred for the verbally coded material, the results implied that having to control voluntary movements of the eyes somehow disrupted the process of imagery.
There were several possible explanations of these results. The selective disruption of imagery performance would seem to imply that the control of voluntary eye movements shares processing capacity with imaginal information processing. It would seem plausible however that this shared capacity is only involved in part of the imagery process. If images are scanned in a way similar to the scanning of the real visual world then it is possible that part of a system involved in the control of voluntary eye movements is not involved in the formation of an image, but only in subsequent processing of imaginal information. Similarly it is possible that these processes are only involved in the formation of an image, or in both formation and scanning, or in maintenance of the image.
The third experiment was designed to determine more precisely the involvement of the processes used to control voluntary eye movements in imagery. One possibility, that eye movement control processes are involved in the retrieval or "scanning" of imaginal information, would lead to the prediction of selective disruption of performance on the spatial version of the Brooks task only when participants move their eyes during recall of the material. A second possibility, that eye movement control processes are involved during encoding or formation of images, would lead to the prediction that disruption would only occur for eye movements during the presentation of material. A third possibility, that maintenance of imaginal information engages eye movement control processes, would lead to the prediction of disruption when eye movements occur both during presentation and recall of the material. This last prediction would also hold if the processes involved in the voluntary control of eye movements were involved in both encoding and retrieval of imaginal information.
Method
Participants-Twenty four members of the Applied Psychology Unit participant panel, aged between 18 yrs and 50 yrs, served as participants and were paid for participating.
Apparatus-Apparatus was similar to that used in Experiment 2, the only differences being that no reaction times were tested, the background of the display was always stationary, and the moving bell could be instantly stopped and centered, and then started again by the experimenter.
Material-The material used was the same as in Experiment 2.
Design-The design was similar to Experiment 2 except that no reaction times were collected and the control conditions each consisted of two spatial and two nonsense messages. The four experimental conditions used were: #1 Bell stationary #2 Bell moving during presentation, stationary during recall #3 Bell stationary during presentation, moving during recall #4 Bell moving during presentation and recall Procedure-Participants were seated in front of the monitor. The two types of memory task were explained to them and the importance of using the correct strategy was emphasized. Participants were given six practice trials on each type of memory task unless they reached a criterion of two successive perfect runs in less than six trials. If they failed to reach the criterion then their results were discarded and they were replaced. EOG electrodes were attached and the oscilloscope reading checked to see if the experimenter could tell whether the participant's eyes were moving. Participants were told that the purpose of the EOG was to enable the experimenter to ensure that they were watching the bell at all times.
The lights were dimmed and a stationary display put on the screen. Participants were told that they need not look at the screen but could do what they liked with their eyes. After this control condition the participant was told that from now on s/he should watch the bell at all times. Before each of the four experimental conditions participants were given two practice trials on each type of message. They were then given the sixteen messages comprising the memory material for that condition.
Between each experimental or control condition there was a 2 min break.
After the four experimental conditions, participants completed the final control trials.
Results
Performance on the memory tasks was scored in terms of the number of sequences in which reproduction was perfect. The results from the spatial task showed a marked drop in performance between the stationary condition (#1) and the other three, whereas performance on the nonsense task was comparable between the stationary and moving at recall (#3) conditions, and slightly lower for the moving at presentation (#2) and moving at presentation and recall (#4) conditions.
Our first question was whether we had succeeded in replicating the main result of Experiment 2, that eye movements differentially disrupt performance on the spatial memory task. A preliminary analysis of variance involving only Conditions 1 (eyes stationary) and 4 (eyes moving at all times), showed that we had. There was a significant overall effect of eye movement (F 1,23 = 11.83, p < 0.005) modified by a significant interaction with type of memory material (F 1,23 = 8.58, p < 0.01). This interaction was due to a decrease in performance on the spatial task when the eyes moved (q2 = 4.49, df = 46, p < 0.01).
A further 2 x 2 x 2 analysis of variance was then performed, the factors being eye movement at presentation, eye movement at recall, and type of memory material. This showed main effects of eye movement at both presentation (F 1,23 = 9.44, p < 0.01) and at recall (F 1,23 = 6.47, p < 0.025). There was also a significant effect of type of memory material (F 1,23 = 4.78, p < 0.05). The effect of eye movement during recall was modified by a significant interaction with type of memory material (F 1,23 = 6.54, p < 0.025). The interaction between eye movement at presentation and type of memory material failed to reach significance (F 1,23 = 1.865, p > 0.1). Examination of performance in the individual conditions however, indicates that this does not stem from an absence of eye-movement during input on the spatial memory task. Performance is just as severely disrupted by eye movement during input as during output, or indeed both; all three conditions lead to significantly poorer performance than occurs with eyes stationary (p < .01 in each case), and do not differ between themselves (p > .1). However, examination of the nonsense condition suggests that eye movement during input may have a small disrupting effect relative to movement during output, although differences between conditions on the nonsense task do not reach statistical significance (p > .1 in all cases).
A further reason for caution in interpreting the nonsignificant interaction as evidence that eye movements are not disruptive during input comes from a further analysis of a subset of the experiment. If no input effect was observed, then one might expect no difference between the stationary control condition and the condition in which movement occurred only during input. A separate analysis of variance of these two conditions showed a highly significant overall effect of eye movement (F 1,23 = 12.00, p < .005) modified by a significant interaction with type of material (F 1,23 = 4.60, p < .05). On the basis of the available evidence, it would seem unwise to place too much emphasis on the distinction between eye movements during input and during recall.
Discussion
The impairment of performance on the spatial task occurred for voluntary eye movements during both presentation and recall of the memory material. The impairment during recall was limited to the spatial task, and although the results of eye movement during input were less clearly specific, it never the less seems likely that a system involved in the control of voluntary eye movements must either share capacity with both the encoding of imaginal information and the retrieval or scanning of it, or with processing involved in the maintenance of the image.
If the formation and scanning of the image are both affected independently by making voluntary eye movements, then the effect of eye movements in each case should be additive, and performance on the spatial task in condition #4 where the eyes moved at all times should have been worse than in conditions #2 and #3 where the eyes moved only at presentation or recall. Because this was not the case, the second alternative would appear more plausible. This interpretation must be treated with caution however, because it is possible that a floor effect is starting to occur, the observed level of performance perhaps being maintained by encoding some of the spatial information verbally.
The equivocal nature of this conclusion reflects the fact that the Brooks task is poorly suited for an analysis of whether the maintenance of imaginal information depends on eyemovement control processes. This is because the task does not isolate maintenance-from encoding-and retrieval-related processes. For Experiment 4, therefore, we employed a different experimental procedure that would permit the isolation of maintenance-related processes.
Experiment 4
Experiment 4 was administered as a delayed-recognition task that required memory for the location or the shape of a target stimulus, crossed with three levels of delay-period distraction: saccades; word reading; and no distraction. We selected this task because it could produce data that would be complementary with those produced by Experiments 1-3. In particular, because the delayed-recognition task features a delay period that is temporally separated from stimulus-encoding and response periods of the task, it would afford unequivocal assessment of whether maintenance-related processes depend on those also used for eyemovement control. Specifically, the "maintenance" hypothesis tentatively supported by the results of Experiment 3 predicted that delayed-recognition of locations would be sensitive to eye movements that occurred only during the delay period. The design of Experiment 4 would also complement the results of the first three experiments in other ways. For one, by employing a level of eye-movement measurement that wasn't available for Experiments 1-3, Experiment 4 could rule out the possibility that the selective sensitivity of spatial working memory performance to concurrent saccades is confounded by different levels of secondary saccadic activity during nonspatial vs. spatial trials. Further, by including a second distraction task -word reading -Experiment 4 could rule out the alternative (left open by the first three experiments) that spatial working memory is somehow more susceptible to distraction by any secondary task, and thus that the sensitivity to concurrent eye movements needn't imply a shared resource between the two. Finally, Experiment 4 also permitted the evaluation of the specificity of the saccadic disruption effect on spatial working memory, because it afforded the hypothesis that working memory for shapes would not be sensitive to saccadic interference, but would instead be sensitive to word-reading interference. (Word reading was the secondary task that was expected to selectively disrupt working memory for shapes because previous work has demonstrated that a secondary verbal task is effective at selectively disrupting working memory for shape stimuli (Postle, D'Esposito, & Corkin, in press ).
Methods
Participants-The twelve participants were undergraduates enrolled at the University of Wisconsin-Madison (mean age = 21, 9 males), and were compensated with course credit or with money.
Apparatus-Testing was performed in a dark room in which all sources of light (with the exception of the screen of the computer monitor that displayed stimuli) were occluded. Additionally, the "brightness" setting on the monitor (ViewSonic, Optiquest Q95) was set to 0 in order to prevent the gray-black glow that typically emanates from a computer monitor that is displaying a uniformly blank screen. The effect for the participant was to be sitting in a room in which nothing was visible except for the periodic appearance of instructions and stimuli. Although the eye-tracker (Eye Mark V, NAC Inc.) was designed to be headmounted, we mounted it onto a custom-built frame in order to minimize head movements and to control distance of the eyes from the computer screen. The participant was positioned by first sitting in the testing chair, then leaning the head and trunk forward until the forehead was snugly against the forehead pad on the eye tracker apparatus. Finally, the back and seat positions of the chair were adjusted such that this "leaning forward" position could be maintained comfortably for an extended period of time. The end result was a position from which comfortably looking "straight ahead" resulted in fixating the centre of the computer screen. Data from the eye-tracker were analyzed with ILAB software (Gitelman, 2002) to confirm fixation during appropriate trial types, and to quantify eye movements (number of saccades and total distance traveled by eyes) during the distraction periods.
Materials
Delayed-recognition tasks.: The stimulus on location memory trials was a white circle whose diameter subtended approximately 4 deg of visual angle. Stimuli for the shape delayedrecognition task were drawn from a pool of 64 stimuli. Sixteen of these were drawn from the subset of stimuli developed by Attneave and Arnoult (1956) that were determined normatively to have the lowest association values (Vanderplas & Garvin, 1959) . From each of these, three variants had been created by modifying one of its salient features (Postle & D'Esposito, 1999) . Thus, each shape target stimulus was associated with three visually similar stimuli drawn from the same "prototype group" that served as foils on negative shape trials. Shape targets were selected randomly with the constraints that an item from each prototype group was selected before any group repeated, and no item repeated as a target. (A total of 48 items served as target stimuli across a 96-trial experiment.) All shape stimuli were scaled such that their widest and/or tallest portion matched the diameter of the location-memory circle stimulus. A backward mask was introduced after pilot testing revealed that dark-adapted participants could detect a faint residual glow of phosphorescence at the screen location where a target stimulus had appeared. The mask was uniformly white except at its edges, where it decreased in intensity so as to disappear before reaching the edge of the screen. It covered all areas of the screen at which stimuli might appear.
Saccadic distraction.:
The onset and offset of saccadic distraction (see Procedure, Saccadic distraction, below) were each signaled with a tone emanating from a loudspeaker positioned directly below the computer monitor.
Word-reading distraction.: Distraction words were drawn from a pool of 196 common, concrete nouns, each comprising 1-4 syllables, all referring to manipulable objects. They were displayed centrally in lowercase Courier New 40-point font.
Procedure Delayed-recognition tasks.: Each trial began with a message instructing participants to attend to the target's "location" or "shape" (1000 msec). After a 1000 msec ISI, the target stimulus appeared for 1000 msec at a pseudorandomly determined location on the screen, the two constraints being that no two appeared at precisely the same location (across all 96 trials of the experiment) and that six appeared in each of the four quadrants of the screen within each 24-trial block. These procedures applied to both location and shape targets. A 14 sec delay period followed target offset. 1000 msec after the offset of the target the backward mask was presented for 500 msec. 2.5 sec after the offset of the mask the 9 seclong distraction period began. The onset of the distractor period was selected as a time by which any residual trace of the mask was no longer detectable on the screen, even by darkadapted participants. A 1 sec ISI separated the offset of the distractor period from the onset of the memory probe stimulus. The probe was displayed for 1 sec, and responses were collected during the display of the probe and for an additional 2 sec (Fig. 2) . On location trials, invalid probes appeared at a location abutting the target location, but at which no part of the probe stimulus overlapped an area that had been occupied by the target. (During training, participants were informed that there would be no partially overlapping memory probes.) On shape trials the memory probe always appeared in a location that was unpredictably different from that of the target. Invalid shape probes were selected from the three belonging to the same prototype group as the target. The intertrial interval (ITI) was 3 sec. Trials were blocked in groups of 24, and a total of four blocks were administered. Domain of memorandum and distraction type were pseudorandomized such that each possible combination occurred four times during each block. The experimenter sat in an adjacent room during testing, so that he could monitor the eye-tracking equipment. He entered the room after each block, however, to ensure calibration of the head-mounted eyetracker, and to turn on the overhead lights in the room so as to reverse the process of dark adaptation of the participants' eyes.
The beginning and end of saccadic distraction periods were signaled with a tone generated by the computer (500 msec duration). Participants had been instructed that, upon hearing the first tone, they were to move their eyes in any manner that they chose until the second tone signaled the end of this distraction period. The intent of this procedure was to minimize the likelihood that nonmotoric factors could explain the selective disruption that saccadic distraction was expected to produce. Because participants were seated in absolute darkness during the distraction portion of the delay period, and because the source of the auditory start and stop signals was 0° with respect to trunk and head position, there were no possible sources of perceptual distraction. And because saccades were endogenously generated, and participants had never been trained to guide them with, for example, a visual array of targets, the likelihood that participants guided their saccades with internally generated mental images was minimized to the greatest extent possible.
Word-reading distraction.: Words were presented serially (exposure duration = 750 msec, ISI = 0 msec, yielding 12 words per distraction period) in the centre of the screen. Items were drawn at random, with no replacement, until the pool of words was exhausted, at which point the selection procedure was reinitiated. Participants were instructed to read each word aloud as it appeared on the screen. The experimenter monitored reading performance via an intercom that connected the control room and the testing room, and noted any trial on which a reading error (including omission of one or more items) occurred. The importance of fixating the distractors during the entire period that they were displayed was emphasized during training.
Results
Saccade quantification-Eye-movement data were analyzed and trials in which participants failed to comply with instructions were discarded. For trials on which participants complied with instructions, we calculated the number of saccades made during the distraction period, and the distance (in pixels) that the eye traveled during the distraction period. The results indicated that, as expected, participants engaged in markedly more saccadic activity during Saccadic distraction periods than during Word-reading and No distraction periods (Table 4 , Figure 1) . Additionally, and unexpectedly, participants also engaged in more saccadic activity in the shape than in the location memory task (Table 4) . These trends were confirmed with an ANOVA assessing the average number of saccades, which indicated that there was a main effect of distraction (F(2,22) = 123.94; p < .0001), a main effect of stimulus domain (F(1,11) = 9.73; p < .01), and no interaction (F(2,22) = .08; n.s.), and an ANOVA assessing the average distance traveled by the eye, which indicated that there was a main effect of distraction (F(2,22) = 53.93; p < .0001), a main effect of stimulus domain (F(1,11) = 7.41; p < .05), and no interaction (F(2,22) = .06; n.s.). It is worthy of note that the imbalance in the amount of saccadic activity across the two memory domains would be expected to work against our prediction that saccadic distraction would disproportionately affect location working memory.
Working memory-Accuracy data were transformed into measures of d' and plotted in Figure 3 , which reveals a double dissociation (in the predicted direction) of the effect of distraction on delayedrecognition performance. These data were also submitted to an omnibus 2 (domain of memoranda) x 3 (distraction) ANOVA, which revealed no main effects of stimulus domain (F(1,11)=2.58; n.s.), or distraction (F(2,22)=.93; n.s.), and an interaction (F(2,22)=11.48; p < .001). Because the interaction confirmed that there were differential effects of distraction on domain of memoranda, we followed-up with a planned 2 x 2 ANOVA that assessed directly the effects of distraction (saccades, word reading) on the two levels of primary memory task. This 2 x 2 ANOVA also revealed no main effects of stimulus domain (F(1,11)=2.74; n.s.), or of distraction (F(1,11)=.97; n.s.), and an interaction (F(1,11)= 16.45; p < .005). Planned pairwise comparisons confirmed that saccadic distraction had a significant effect on location memory performance (t(11) = 3.16; p < .01), and word-reading distraction had a significant effect on shape memory performance (t(11) = 2.32; p < .05).
ANOVA of the RT data (Table 5) confirmed results consistent with those from the accuracy data: main effects of stimulus domain (F(1,11)=30.84; p < .0005) and of distraction (F(2,22)=6.45; p < .01), and an interaction (F(2,22)=3.74; p < .05). Because of this interaction, the 2 x 3 ANOVA was followed up with a 2 x 2 ANOVA that only included conditions with distracted delay periods. It revealed a main effect of stimulus domain (F(1,11)=22.87; p < .001), no main effect of distraction (F(1,11)=1.95; n.s.) and a significant interaction (F(1,11)=6.50; p < .05). This 2 x 2 interaction reflected the fact memory probe discrimination RTs were differentially slower on location/saccades and shape/word-reading trials.
Discussion
The results indicate that saccadic distraction disrupts spatial working memory performance, but not performance on a comparably difficult nonspatial task, whereas wordreading disrupts working memory for shapes, but not for locations. The crossover interactions produced in the accuracy and the RT data permit us to conclude that the two primary tasks draw, at least in part, on separate resources: delayed location recognition on resources shared with endogenously generated saccades; and delayed shape recognition on resources shared with word reading). Thus, the results of Experiment 4 complement those from Experiments 1-3 in many important ways. First, they confirm that the maintenance component of spatial working memory, independent of encoding and/or response, is sensitive to concurrent saccadic activity. Second, they rule out the possibility that differential levels of performance of the secondary eyemovement task might account for the differential effects of saccadic distraction of spatial vs. nonspatial working memory. Third, they rule out the possibility that spatial working memory performance might be disproportionately sensitive to any type of concurrent distraction, by demonstrating its insensitivity to word-reading distraction. And finally, they confirm that the distracting effects of eye movements are limited to working memory for locations, and do not affect working memory for nonspatial visual characteristics that contribute to object identification (i.e., they disrupt working memory for where, but not for what).
So as not to distract from the principal theoretical point of this collection of experiments, we will not devote much space to interpreting the sensitivity of shape working memory to wordreading distraction. One plausible account is that, along with reading each word, participants encoded each word's shape (Wilson & Baddeley, 1986) . A second is that word reading disrupted a verbal code that subjects recruited, along with ventral-stream visual codes, to represent shape memoranda during the delay period. This latter interpretation is consistent with theoretical claims that verbal recoding makes an important contribution to working memory for the identity of visually presented stimuli (Paivio, 1971; Postle et al., in press; Simons, 1996) .
GENERAL DISCUSSION
Taken together, the four experiments presented here provide a solid empirical base for the theory that Baddeley discussed in his 1986 book, that, by analogy with the importance of subvocal rehearsal to the phonological loop, the control of visual imagery and visual working memory may derive from the same cognitive resources that support eye movement control. Additionally, as happens with any good idea in science, the preliminary report of Experiments 1-3 spurred a cascade of subsequent studies whose results require an updating of the original idea. In particular, many experiments that followed the initial reports of the results of Experiments 1-3 indicated that comparable levels of selective disruption can be produced by other effector systems, most notably the hands and fingers, hands, and arms (e.g., Baddeley et al., 1980; Della Sala et al., 1999; Farmer et al., 1986; Hale et al., 1996; Lawrence et al., 2001; Logie et al., 1991; Quinn et al., 1986; Salway et al., 1995; Smyth et al., 1988) , and several of these studies permit the ruling out of the potential confound of yoked eye movements. These more recent results, therefore, demand modifications to the original idea. One is that the common mechanism underlying visuospatial working memory and eye movement may be more central, perhaps corresponding to an effector-independent motor plan. A second is to allow for fractionation of visuospatial working memory according to the motor effector engaged by the particular task. Recent work demonstrating the sensitivity of working memory-related performance (Cheffi, Allport, & Woodin, 1999; ) and brain activity (Postle et al., 2003) to manipulations of spatial frames of reference are consistent with this latter idea.
Another important question for our understanding of spatial working memory is that of the relative contributions of eye movement control vs. the control of visual attention (e.g., Hazlett & Woldorf, 2004; Posner, Snyder, & Davidson, 1980) . The importance of this distinction was acknowledged at the time that Experiments 1-3 were performed, although it remains unaddressed by any of the four experiments presented in this report. Promising developments in this regard come from two recent demonstrations of quantitatively smaller disruptive effects produced by shifts of attention alone in comparison to those produced by target-acquiring saccades (Lawrence, Myerson, & Abrams, 2004; Pearson et al., 2003) .
Further empirical advances along these lines will permit refinement of theoretical and mechanistic of models of spatial working memory.
It is always unsatisfactory when potentially influential experiments are reported only in outline. We trust that the fuller account of Experiments 1 to 3 justify the interest previously shown in them, and that their replication and extension with more adequate eye movement monitoring in Experiment 4 reinforces their conclusions and casts new light on the role of eye movements in visual working memory. Eye-position traces from four representative trials from Experiment 4. a. A location memory/saccadic distraction trial. Top panel is a 2D representation of eye position on the computer screen over the course of the trial; axis labels correspond to degrees of visual angle. Bottom panels display horizontal ("x") and vertical ("y") eye position as a function of time, with time in sec on the horizontal axes and position in pixels on the vertical axes (each pixel measured .58 mm 2 ). For all three panels, trial epoch is color coded: blue = instruction message; green = target stimulus; red = backward mask portion of the delay period; black = distraction period; yellow = postdistraction blank period; pink = probe stimulus; teal = ITI. b. A shape memory/saccadic distraction trial. c. A shape memory/word-reading distraction trial in which the participant complied with instructions to fixate the center of the screen during RSVP presentation of distracting words. d. A shape memory/word-reading distraction trial that was excluded from analyses because the participant's eyes were averted from the center of the screen during portions of the distraction period. Accuracy results from Experiment 4. See text for details. 
